I nvasive coronary angiography is the standard clinical means for depicting the coronary arteries and is the "gold standard" for diagnosing coronary artery disease (CAD). Since its implementation over 30 years ago, more than 2 million coronary angiograms have been made yearly in North America. Coronary angiography requires high-level technical expertise and technology, which makes it relatively expensive and limits it to a select population. Angiography also has its limitations, since only the lumen is displayed ("luminology") and the information it provides about the coronary plaque is not extensive. However, new tomographic methods for cardiovascular imaging such as intravascular ultrasonography (IVUS), coronary CT angiography and MRI can assess the atherosclerotic plaques responsible for early, "silent" CAD. In this article, we review the current and potential future clinical applications of these 3 tools for the visual detection of atherosclerotic CAD.
Intravascular ultrasonography
IVUS has become a powerful complementary tool to measure and characterize coronary vessels and atherosclerotic plaques. An invasive procedure, IVUS produces images with a small ultrasound transducer mounted on a catheter similar to the standard catheters employed in coronary angioplasty. The catheter is advanced over the wire inside the coronary artery until it reaches a position distal to the segment to be studied. A series of tomographic images of the coronary artery are obtained as the catheter is slowly pulled back. Each IVUS image displays a 360°cross-sectional view of the layers of the coronary artery (intima, media and adventitia) as well as the lumen (Fig. 1A,B) . Modern devices can perform 3-dimensional reconstructions online that provide information about the length, volume and reference landmarks of a plaque.
Standard radiographic coronary angiography provides a single-plane "shadow" of the vascular lumen; its ability to accurately and reproducibly measure the degree of stenosis and to characterize plaque morphology is limited. [1] [2] [3] Extensive experience in our and other centres has shown that IVUS is a safe, accurate and reproducible alternative method for assessing the severity and morphology of lesions. 4, 5 The types of plaques detectable by IVUS are summarized in Box 1.
Clinical use
The best-studied clinical application of IVUS is in the placement of stents into coronary vessels (Fig. 1C,D, Fig. 2, Fig. 3 ). Stenting has revolutionized the treatment of atherosclerotic CAD. Restenosis inside the stent, which occurs in 5%-20% of cases (depending on the complexity of the lesion and underlying risk factors), nevertheless remains a major shortcoming. IVUS has played an important role in the understanding of stent failures.
In-stent restenosis is typically caused by neointimal hyperplasia: new fibrotic tissue that grows inside the stent and obstructs the lumen. Serial IVUS studies performed in cases of bare-metal stent failure have shown that underexpansion of the stent is an important cause of early failure. 6 If the stent is poorly expanded, small amounts of neointimal hyperplasia will occlude the vessel. 7, 8 Although use of a drug-eluting stent reduces the risk of in-stent stenosis by two-thirds or even three-quarters, recent evidence suggests that stent under-
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expansion remains the principal cause of thrombosis associated with a drug-eluting stent and the higher rate of revascularization of stented lesions.
9,10
Images obtained by IVUS before stent placement therefore provide useful information on the precise length of the lesion to be covered and the size of the stent needed (Table 1) . After placement of the stent, IVUS helps to optimize the final result and maximize the area it covers, which probably minimizes the risk of restenosis. The lessons learned from these IVUS observations have changed the way that stents are currently deployed and thereby reduced both patients' risk of angiography and the costs associated with drug-eluting stents.
During the bare-metal stent era, several reports were published on the benefit of IVUS-guided versus angiographyguided angioplasty; 3 prospective, randomized controlled trials 11-14 deserve specific mention. They showed, with different degrees of statistical power, that the lumen dimensions of patients whose stenting was IVUS-guided were better at follow-up, with some reduction in restenosis and targetlesion revascularization at later visits (Table 2) .
In our centre, IVUS is used extensively for diagnosis and to guide stenting. It is specifically used in the evaluation of left main lesions, bifurcations, complex lesions and hazy lesions (those with ambiguous angiography). When stenting is imminent, the vascular segment to be treated is scanned with IVUS and the procedure planned on the basis of findings for lesion and vessel size, length and location. The final result is checked with the same IVUS catheter to ensure optimal stent deployment -expansion, apposition and identification of potential complications.
Future applications
Conventional angiography shows the presence or absence of atherosclerotic plaques; IVUS, however, also offers indications of potential plaque formation by means of information on the character of the coronary vessels. For example, in the early stages of coronary atherosclerosis, remodelling of the vessel occurs such that enlargement of the adventitium prevents the atheroma from encroaching on the lumen, which leaves lumen size unchanged and appearing normal on conventional angiographic images. 15 IVUS, like MRI and CT, can reveal arterial remodelling, to allow the detection of atherosclerosis at an earlier stage.
Early detection of atherosclerotic plaques is relevant because most patients with acute coronary syndromes have minimal or mild coronary lumen obstruction detected by angiography. 16, 17 It is known that these lesions may suddenly rupture, which exposes their highly thrombogenic lipid core, causes luminal thrombosis and engenders the clinical picture of acute coronary syndromes. One of the features of these unstable, vulnerable plaques is a thin, fibrous cap; increased macrophage infiltration within the cap can cause proteolytic enzymes to be expressed, which will weaken the fibrous cap and ultimately promote plaque disruption.
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IVUS does not as yet have the resolution necessary to identify this thin fibrous cap; however, optical coherence tomography (OCT), an optical equivalent of intravascular ultrasonography, provides high-resolution (> 10 µm) tomographic intra-arterial images (Fig. 4) . Recently, with use of this new technology, a higher prevalence of thin capping plaques was found to occur among patients with acute coronary syndromes than among those with stable CAD. 19 The identification of patients likely to have acute coronary syndromes (through identification of a vulnerable plaque) is one of the most intense areas of cardiovascular research. The increase in spatial resolution that characterizes OCT may further our understanding of CAD and may lead to earlier detection and better methods of primary prevention.
IVUS has also been used as a research tool to measure subtle changes in plaque volume that were undetectable by conventional angiography. 20 In future trials, changes in plaque volume may be important secondary end points with which to correlate clinical outcomes.
Multiple-slice spiral computed tomography
Cardiac CT has recently emerged as a new alternative to invasive angiography. With the rapid technological advances in multiple-slice spiral computed tomography (MSCT), it is now possible to reveal coronary vessels and bypass grafts noninvasively.
One of the difficulties in imaging coronary vessels is that the heart is in constant motion. The current speed of CT scanners, increased resolution and the ability to time the scan to match the cardiac cycle by means of electrocardiography all help to minimize cardiac-motion artifacts and allow for the analysis of cardiac anatomy. However, the "thinner" slices required are more susceptible to noise; therefore, scans of patients whose body mass index is greater than 40 are unfortunately almost always nondiagnostic. MSCT coronary angiography is performed during the administration of intravenous • Soft plaque is composed mainly of echolucent tissue (i.e., tissue with low echogenicity) containing minimal calcium, collagen or elastin. Echolucent plaque correlates with a high lipid content and necrotic tissue, and can represent hemorrhage and thrombi.
• Fibrous plaque, with its intermediate level of echogenicity, represents the majority of atherosclerotic lesions.
• Calcific plaque is highly echogenic, with an acoustic shadow. Most of its content is calcium. (Highly fibrotic plaques occasionally can show echo features similar to those of calcic plaques.)
• Mixed plaque is a combination of any of the preceding acoustic subtypes.
contrast. The scan is completed in 10-15 seconds, an easy length of time for the subject to hold his or her breath. Despite coordination of image acquisition by means of electrocardiography, making a coherent composite image of the moving heart is still challenging.The best image quality is obtained when the heart rate is slower than 65 beats/min and the cardiac rhythm is regular. MSCT also allows the evaluation of cardiac function. With reconstruction of multiple slices of the short axis of the ventricle at 10 instances evenly distributed across the cardiac cycle, left-and right-ventricular function can both be analyzed. Quantitative estimations of ventricular function by MSCT have demonstrated good accuracy, with calculated ejection fractions within 10% of those obtained by means of MRI, 21, 22 which is considered the most accurate method. Moreover, MSCT also detects abnormalities in wall motion. Supportive findings of contrast hypodensity and myocardial thinning in the area of an infarct make it a good tool for detecting myocardial infarcts. Finally, in addition to details on cardiac anatomy, MSCT also provides highly detailed information about the aorta, pulmonary artery and veins, lungs and mediastinum.
Clinical use
Several investigations [23] [24] [25] [26] [27] [28] [29] [30] have been made on the accuracy of MSCT angiography in cases of known or suspected CAD. Although these studies had some differences in methodology and patient characteristics, all compared rates of detection of coronary lumen obstruction > 50% with MSCT and with invasive angiography; examined patients already medicated with β-blockers; excluded those who had cardiac arrhythmias; and reported analyses of sensitivity, specificity, and positive and negative predictive values. Findings for sensitivity ranged from 82% to 100%; specificity, 78% to 98%. The real strength of cardiac CT was found to be its negative predictive value, which in the most recent studies ranged from 95% to 97% among patients deemed to be at intermediate-to-high risk of CAD (Table 3 ; additional data are available online at www.cmaj.ca/cgi/content/full/174 /4/487/DC1).
A recurring theme of these studies is that heavily calcified segments are often either unevaluable or prone to misdiagnosis. Recently, 2 studies 27,30 evaluated the accuracy of 64-slice MSCT angiography in the detection of coronary stenoses in patients with no known CAD. They both found sensitivity, specificity, and positive and negative predictive values of better than 90% (Fig. 5) .
MSCT angiography also portrays coronary-artery bypass grafts (CABG) well; the main body of the conduits can be evaluated for graft stenosis with good accuracy. 31, 32 Making distal anastomoses visible can be problematic, however, if metal clips are present at the anastomotic site. Native vessels are also often difficult to assess because of diffuse vessel calcification, which obscures the underlying lumen. It remains to be seen whether cardiac CT can reliably evaluate patients with these attributes. Similarly, stent evaluation can sometimes be limited; best results occur with stents at least 3.0 mm in diameter that are located in proximal segments. On the other hand, cardiac CT is an excellent means to evaluate CABG patients before a repeat sternotomy, to detect a graft that has become adherent to the midline sternum. The anatomic detail evinced by cardiac CT allows surgeons to plan the procedure precisely, so that surgical trauma to the graft or other cardiovascular structures is avoided (Fig. 6 ).
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In our centre, MSCT angiography is used to rule out CAD in patients at low or intermediate risk of it, and to evaluate patients with a prior CABG who are scheduled for a new revascularization procedure. This clinical service has become a routine part of our support to the cardiology community; we carry out several MSCT scans each day.
Future applications
Future directions for clinical use of cardiac CT include rapid triage in the emergency department of patients with chest pain; guidance for the placement of biventricular pacemaker leads and percutaneous coronary intervention in people with chronic total vascular occlusions; and, in newly diagnosed cases of cardiomyopathy, discrimination of ischemic from nonischemic causes.
Because there is evidence suggesting that the amount of calcium in the coronary vessels predicts future events, methods to measure calcium in asymptomatic patients to gauge their risk of coronary-artery events have been the focus of research interest. The CT imaging protocol differs from that for conventional angiography: it exposes the patient to much less radiation, is performed without intravenous contrast and is widely available.
Although younger patients with acute coronary events rarely exhibit coronary calcification, 34, 35 calcium is a frequent feature of coronary arteries and is found in 70%-80% of the population. 36 Atherosclerotic plaques commonly contain calcium, whereas the eroded or ruptured plaques that largely are responsible for acute coronary syndromes rarely do. Therefore, a high calcium score is a marker of a large burden of coronary plaque, only some of which is calcified. It is most likely the noncalcified coexistent plaque that is responsible for the increased frequency of events in these people. This supports the idea of a diffuse unstable disease instead of the previously accepted concept of focal vulnerable plaque.
37,38 A recent study 39 investigated calcium scores among more than 10 000 asymptomatic people; the degree of coronary calicification was estimated by means of electron-beam CT scanning. After a mean follow-up period of 5 years, the death rate was 2.4%. In a risk-adjusted model, coronary calcium was found to be an independent predictor of mortality (p < 0.001). ing calcium scores; the relative risk of death at 5 years for the highest category (calcium scores > 1000) was 4.03 (95% confidence interval [CI] 2.52-6.40) compared with the lowest category (scores < 10). A recent prospective, populationbased study 40 involving 4903 patients 40-70 years of age with no symptoms of CAD showed that coronary calcium scoring obtained with electron-beam CT scanning predicted cardiovascular events independently of traditional risk factors. The relative risk for all CAD-related events among subjects with calcium scores higher than 100 was 9.6 (95% CI 6.7-13.9) compared with those who had lower scores.
The CT calcium score is still experimental. However, it is a noninvasive tool that promises to be valuable in stratifying risk of CAD among asymptomatic patients, especially those at low or intermediate risk of events according to traditional risk factors.
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In conclusion, these statements can be made about this exciting area: 1. Cardiac CT is a safe and reliable procedure. 2. Heart-rate modulation with β-blockade is required to consistently obtain high-quality diagnostic images. 3. Cardiac CT scans can be used to accurately identify and to exclude significant CAD, especially in vessels without heavy calcification that are 1.5 mm or more in diameter.
4. Its high negative predictive value makes cardiac CT a fast and reliable means of evaluating chest pain or suspected false-positive results of stress tests in patients with a low or intermediate likelihood of clinically significant CAD. 5. Calcium scores can predict risk of death from CAD. 6. We will likely see expanded indications for use of MSCT angiography, to include the evaluation of chest pain in the emergency department, the study of coronary anatomy before percutaneous coronary intervention or device implantation, and the noninvasive discrimination of ischemic from nonischemic cardiomyopathy.
Cardiovascular MRI
Coronary magnetic resonance angiography (MRA) makes the noninvasive depiction of major epicardial coronary arteries possible in most subjects without the injection of contrast medium and exposure of the patient to radiation. Since the first report in 1987, technological advances in coronary MRA have led to enhanced spatial resolution and the possibility of imaging while the patient is breathing freely. 43 However, due to breathing and cardiac motion, tortuosity and small vessels, coronary MRA is still technically difficult for the confident determination of the presence as well as the severity of coronary stenosis. Great improvement was achieved during the last 5 years with the new generation of magnetic resonance platforms. Current coronary MRA sequences have resolution on the order of 500-700 µm and are approaching the resolution of the x-ray arteriogram. Present techniques involve the acquisition of 3-dimensional data sets that contain the artery during free breathing, with the use of navigator sequences to account for heart motion. The image is acquired during a brief moment (about 0.08 s) that the heart is stationary during the cardiac cycle. These individual acquisitions are then added together to produce the final image. Total acquisition can take up to 10 minutes. If the goal is to examine all the main coronary arteries, at least 4 acquisitions will be needed.
Clinical use
Coronary MRA is currently used much less frequently than MSCT angiography to detect CAD. Images obtained with coronary MRA provide a measure of stenosis, wall thickening and possibly composition of the plaque (Fig. 7) . Coronary MRA captures images by detecting protons in moving blood every few milliseconds as they travel through an arbitrary region in space. Protons are "tagged" as blood flows through the coronary vessels, which allows the acquisition of consecutive movie frames as the heart pushes blood through the vascular bed. Body tissue surrounding the moving blood is never excited and therefore remains invisible. This produces a "virtual angiogram" from the magnetic resonance scan. There is limited evidence for using coronary MRA to diagnose atherosclerosis, but a multicentre trial involving 109 patients, with a methodology similar to that already described for comparing CT angiography studies with invasive coronary angiography (the "gold standard"), reported a sensitivity of 93%, specificity 42%, positive predictive value 42% and negative predictive value 81% for CT angiography. When only left main or 3-vessel disease was analyzed, these values improved to 100%, 85%, 54% and 100%, respectively.
45 Reasonable accuracy was achieved with the use of technology that has become easily available.
Other areas that have been investigated include the use of intravascular gadolinium-based agents and 3-dimensional acquisition strategies. The most promising technique currently seems to be whole-heart type acquisition, in which the entire heart is scanned in a fashion similar to cardiac CT protocols. The resulting 3-dimensional data set can be reformatted in any orientation desired, again taking a page from the success of cardiac CT techniques.
At present, our institution uses cardiac MRI for analysis of structure, function and anatomy of the heart and great vessels. Although we do not routinely use it for direct imaging of coronary arteries (other than investigationally or in special clinical situations), we do routinely perform perfusion tests and viability testing to help guide management of CAD.
Future applications
Future research should examine the multipurpose capabilities of the magnetic resonance scanner and combining perfusion and wall-motion assessments (the strengths of cardiac MRI) with the imaging of coronary arteries. By detecting an abnormality in wall motion or a perfusion defect and then imaging the artery that is likely at fault, with MRI it may be possible to improve the accuracy of CAD diagnosis beyond any technique now available.
Because of the physics of magnetic resonance, it is possible to design contrast media that can be targeted with specific markers. For example, Spuentrup and colleagues 46 used a fibrin-targeted contrast medium to identify coronary and pulmonary thrombi. The final images show coronary lumens or pulmonary arteries with white enhancements at the locations of thrombi. The clinical and research implications of this and other markers that are in development are promising a pivotal role for them in clinical molecular imaging in future. For example, vulnerable plaques could be identified with markers that attach to the neovascularization or to macrophages in inflamed plaques.
Magnetic resonance-based molecular imaging is a science in its infancy. The development of targeted, "smart" contrast agents is ongoing, and clinical trials to test them have just begun.
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Conclusion
Tomographic imaging of the coronary arteries, whether with IVUS, CT or MRI, provides more information about atherosclerotic lesions than can traditional angiography, and allows deeper insights into the mechanism and the diagnostic and therapeutic implications of new strategies to treat CAD. At present, the clinical indications for coronary stent placement or bypass surgery are decided according to the evidence from clinical trials that used conventional coronary angiography. As technology now allows us to obtain more anatomic detail in views of vessels and atherosclerotic plaques, these imaging modalities must be incorporated into future studies and clinical decision schemes. It is hoped that the ability to characterize plaques, not simply to detect them, will allow the identification of those patients who are at greatest risk for coronary events and facilitate the selection and tailoring of interventions. Note: CAD = coronary-artery disease, PPV = positive predictive value, NPV = negative predictive value, mod = moderate. Competing interests: None declared for Esteban Escolar, Guy Weigold and Anthon Fuisz. Neil Weissman has received speaker's fees from Boston Scientific.
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